The preparation and biological evaluation of a novel series of dimeric epothilone A derivatives (1 -6) are described. Two types of diacyl spacers were introduced to establish the various dimeric epothilone A constructs. The effect of these compounds on tubulin polymerization and their cytotoxicity against four different cancer cell lines are reported. Several of the newly synthesized compounds inhibit endothelial cell differentiation and endothelial cell migration that are key steps of the angiogenic process.
Introduction
Substances that are able to interfere with the tubulin-microtubule system, either through inhibition of tubulin polymerization or through microtubule stabilization, are important anticancer agents.
Prominent examples are the vinca alkaloids (which act as tubulin polymerization inhibitors) or the diterpenoid alkaloid taxol and its semi-synthetic derivative docetaxel (which are microtubule stabilizers), all of which are indispensable components of modern cancer chemotherapy regimens. . 3 In addition to their growth-inhibitory and apoptosis-inducing activity, some tubulin inhibitors have recently been shown to target the vascular system of tumors, 4 thereby causing vasculature recession (induction of apoptosis by a classical anti-angiogenic mechanism) or vasculature "normalization". 5 Vasculature normalization facilitates and enhances tumor cell penetration by anticancer drugs, thus offering the opportunity for extensive tumor kill by appropriate drug combinations. As a consequence, the identification of new tubulin modulators 6 remains an important challenge in anticancer drug discovery and the use of well known tubulin-interacting agents as scaffolds is a represents reasonable approach towards this goal. In this context, we have been intrigued by a dimeric epothilone analog (Epo-Dim, Figure 1 ) that has been reported by Nicolaou and co-workers 7 several years ago as an undesired side product in the course of the target-oriented synthesis of a series of side chain-modified epothilones. Although no specific data were provided for this analog, 7 the compound is stated to exhibit remarkable tubulin-polymerizing and antiproliferative activity.
Building on these earlier findings we have now synthesized a set of a epothilone dimers that are more readily accessible than Epo-Dim and we have investigated the in vitro biological properties of these new epothilone derivatives (Scheme 1). 
Results and Discussion

Chemistry
The presence of two hydroxyl groups in the epothilone macrocycle offered an opportunity for the direct introduction of a spacer moiety between two epothilone monomers. Assuming the OH-group on C3 to be sterically more hindered, we felt that the acylation of C7-OH should be feasible with reasonable selectivity and thus provide C7 linked dimers as the major prodcuts of the reaction of Epo A with activated dicarboxylic acids. 9 While being aware of the potential in vivo lability of the ester function our initial objective was to prepare a number of prototypical dimers in the simplest way possible and to evaluate these compounds in tubulin polymerisation assays. Thus reaction of Epo A with six different dicarboxylic acids in the presence of DCC and DMAP (Scheme 1) gave the corresponding products (1 -6) with excellent regioselectivity. The latter compensated at least partially, for the low to moderate yields obtained in the esterification reactions (25 -40 %).
Esterification of the C7-OH group in the derivatives isolated (rather than C3-OH) was demonstrated by NMR spectroscopy. The spectra of 1 -6 exhibit a single set of signals for the epothilone unit with chemical shifts that are similar to those in the spectrum of Epo A, except for the signal for H-7, which is down-shifted to δ 5.37 -5.44 (Epo A δ 3.80). All compounds appeared sufficiently stable chemically under the conditions of the biological experiments. 
Influence on Tubulin Polymerization
In order to assess the interaction of compounds 1 -6 with the tubulin/microtubule system, they were tested in an in vitro tubulin polymerization assay at fixed concentrations of 5 and 10 µM. As illustrated by the data in Table 1 , Epo A at these concentrations induces almost complete assembly of soluble tubulin into microtubule polymers. In contrast, no physically meaningful tubulin assembly could be detected for any of the dimeric analogs 1 -6 under the same experimental conditions. While it cannot be excluded that tubulin polymerization might be detectable under a different set of experimental conditions, it is clear from the data in Table 1 that dimers 1 -6 are substantially less potent inducers of tubulin polymerization than Epo A in vitro (if any).
Given the chemical stability of all the dimeric compounds 1 -6 under the conditions of a cell culture assay and in light of a noticeably improved solubility (compared with Epo A) the antiproliferative activity of these compounds was evaluated against a series of cancer cells.
Compound % Tubulin Polym.
[a]
A-549 MCF-7 HT-1080 βD10 
Cytotoxicity
The anticancer activities of the new compounds were examined in three different human cancer cell lines, namely A549 (lung cancer), MCF7 (breast cancer), and HT1080 (fibrosarcoma) and in one transformed mouse cell line that is derived from lung tumors of double c-myc and c-raf transgenic mice (βD10) 10 (Table 1) . With one exception all compounds investigated were found to be less active than the parent compound Epo A, thus reflecting the reduced ability of the dimeric analogs to induce tubulin polymerization in vitro. It remains to be determined, whether the observed cellular activity is in fact associated with the dimers as such or whether it may be a consequence of (partial) enzyme-mediated ester hydrolysis (either in the cell culture medium or inside the cells) and the ensuing release of free Epo A. As an exception, the stem cell line βD10 appeared to be more sensitive to 2 than to Epo A. The reason for this behavior are unclear at this point.
Anti-angiogenic activity
Angiogenesis involves local proliferation of endothelial cells. 11 Therefore, we also investigated the ability of Epo A and dimers 1-6 to inhibit the growth of endothelial cells. As illustrated by the IC 50 values shown in Table 1 , the dimeric epothilone analogs inhibit endothelial cell growth at submicromolar concentrations. But they are clearly less potent than the parent compound Epo A.
Comparison of these results with those obtained with tumor cells (previous paragraph) demonstrates that the inhibitory effect is not endothelial cell specific in the case of compounds 2-6 and Epo A.
The data suggest, however, that compound 1 could present a higher cell growth inhibitory activity for endothelial cells when compared to that on tumor cells. 
Conclusions
Our results indicate that several Epo A related dimeric compounds inhibit endothelial cell differentiation and endothelial cell migration, which are key steps of the angiogenic process, at nontoxic concentrations. The discovery that these compounds interfere with several functions of activated endothelial cells suggests that they could be of interest for the development of new agents for the treatment of angiogenesis-related diseases.
Experimental Section
General: Thin-layer chromatography (TLC) was performed on Merck precoated 60F254 plates.
Reactions were monitored by TLC on silica gel, with detection by UV light (254 nm) or by charring with sulfuric acid. Flash chromatography was performed using Silica gel (240-400 mesh, Tubulin polymerization assay: Tubulin was isolated as pure αβ-tubulin (>95%) from fresh pig brain according to the protocol previously reported. 6 Tubulin was dissolved in BRB80 buffer ( 
Endothelial cell migration assay:
The migratory activity of BAE cells was assessed using a wound migration assay. 13 Confluent monolayers in 6-well plates were wounded with pipette tips giving rise to one acellular 1 mm-wide lane per well. After washing, cells were supplied with 1.5 mL complete medium in the absence (controls) or presence of the indicated concentrations of the tested compounds. Wounded areas were photographed at zero time and after 7, and 24 h of incubation, plates were observed under microscope and photos were taken from the same areas as those recorded at zero time.
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